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ABSTRACT
The constraints on the mixing angles of the standard fermions with new heavy
particles that can appear in many extensions of the electroweak theory are
reviewed. Some emphasis is put in distinguishing the effects of a mixing with
new states which transform in a non-canonical way with respect to SU(2)×U(1)
(left-handed singlets or right-handed doublets), from the effects of a mixing
with new states with standard quantum number assignments. Constraints
from flavor changing neutral current processes, as well as from flavor diagonal
and charged current experimental data are considered. New limits for lepton
flavor violating mixings are presented. By using the most recent results on the
τ mass, lifetime and branching ratios, updated limits on the mixing parameters
of the τ neutrino are derived. These limits are improved up to a factor of 3, and
no signals of deviation from the standard model predictions are found. Limits
on the mass of a Z1 gauge boson from E6, from the absence of muon number
violating processes are briefly discussed as well.
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1. Introduction
The Standard Model (SM) of the electroweak interactions has achieved a tremen-
dous success in describing the experimental data within the range of energies avail-
able today, however too many questions are still left unanswered, and it is generally
believed that the present theory cannot be the whole story. Several models which
go beyond the SM and which do address some of these remaining questions predict
the existence of new particles. In particular, in models based on gauge groups larger
than the SM group GSM = SU(2)L×U(1)Y ×SU(3)C the new gauge interactions require
the presence of new fermions to insure anomaly cancellation.
In the present analysis I will be only interested in fermions with conventional
electric charges, implying that the new states must be singlets or doublets of weak–
isospin. A rather heterodox exception is that of a gauge triplet of fermions 1, but
this possibility will not be considered here. The possibilities for the new fermions
are listed in Table 1. Vector singlet (doublet) fermions refer to particles whose L and
R components both transform as singlets (doublets) under SU(2)L. SU(2)L × U(1)Y
singlet Weyl neutrinos can also be present. A typical example in which these new
states appear is represented by E6 models, that will be briefly discussed in Section 3.
Mirror fermions are another type of new fermion, whose transformation properties
under SU(2)L are opposite those of ordinary fermions, i.e. L-handed singlets and R-
handed doublets. They appear, for instance, in grand unified theories which include
family unification 2.
There are two ways to search for signals of new fermions: directly and in-
directly. Model independent limits from direct production come from LEP 3 and
set a lower bound on the masses of such particles of mnew >∼ 45 GeV , although the
mass limit on singlet neutrinos can be considerably weaker. As to indirect signals,
one possibility is to look for loop-induced effects in high precision measurements
or in rare processes. This are model-dependent analyses, depending on the num-
ber, masses and couplings of the new states, and will not be discussed here. The
other possibility, which is the topic of this brief review, is to search for the new
states by looking for signals of mixings of the new fermions with the known ones.
This possibility relies on the fact that the most general gauge invariant Lagrangian
involving the new particles usually leads to mass eigenstates which correspond to
some superposition of the known and new gauge eigenstates. These mixings can be
analysed in a model independent way.
In Section 2 I will briefly outline the formalism for dealing with mixing
effects for the charged fermions in the neutral current (NC) sector. For a more
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Table 1: Possible SU(2)L × U(1)Y assignments for new fermions. Pairs of particles
enclosed in parentheses indicate SU(2)L-doublets, otherwise they are SU(2)L-singlets.
N and E refer to leptons of charge 0 and −1, respectively. U and D are quarks of charge
2/3 and −1/3.
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complete treatement including the charged currents (CC) and the mixings of the
neutral states I refer to the original works by Langacker and London 4, and Nardi,
Roulet and Tommasini 5,6. In Section 3 I will review the constraints which current
experimental data place upon the mixings between fermions with different SU(2)L
transformation properties, and I will also describe the kind of constraints that, in
the frame of E6 models, can be set on the Z1 parameters from an analysis of some
unsuppressed flavor changing (FC) mixings of the known leptons.
2. Formalism
I will assume an effective low energy gauge group of the form GSM × U1(1) where, if
the rank of the group is larger than 5, as in E6, the additional abelian factor arises
as a combination of different Cartan generators, and corresponds to the lightest
additional neutral gauge boson. Then the neutral current Lagrangian in the gauge
basis reads
−LNC = eJµemAµ + g0Jµ0 Z0µ + g1Jµ1 Z1µ. (2.1)
The SM neutral gauge boson Z0 couples with strength g0 = (4
√
2GFM
2
Z0
)1/2 to the
usual combination of the neutral isospin and electromagnetic currents Jµ0 = J
µ
3 −
sin2 θWJ
µ
em. Assuming that the new U1(1) originates from a GUT based on a simple
group, and normalizing the new generator Q1 to the hypercharge axis, the Z1 couples
to the new J1 current with strength g1 ≃ g0 sin θW . In general the standard Z0 is
expected to be mixed with the Z1, however in this short presentation I will neglect
these additional effects, since due to the tight limits implied for the Z0–Z1 mixing by
low energy NC and LEP data (φZ0−Z1 <∼ 0.02 6,7) they turn out to be less important
than the effects due to direct Z1 exchange 8. To ensure the absence of anomalies for
the new gauge current J1 , new fermions must be present in addition to the standard
15 known fermions per generation. Here I will assume that some of the additional
new fermions are electrically charged, and that they are mixed with the known
2
states. Each of the conventional light fermion mass eigenstate then corresponds to
a superposition of the known states and the new states. Conservation of the electric
and color charges forbids a mixing between gauge eigenstates with different U(1)em
and SU(3)c quantum numbers, implying in turn that the corresponding currents are
not modified by the presence of the new states. In contrast the neutral isospin
generator T3 and the new generator Q1 are spontaneously broken, and a mixing
between states with different t3 and q1 eigenvalues is allowed. This will affect the J3
and J1 currents 6 and in turn the couplings of the light mass eigenstates to the Z0
and Z1. In the gauge currents chirality is conserved too, and it is then convenient to
group the fermions with the same electric charge and chirality α = L,R in a vector
of the known (K) and new (N ) gauge eigenstates Ψoα = (ΨoK,ΨoN)Tα . This vector is
related to the corresponding vector of the light (l ) and heavy (h) mass eigenstates
Ψα = (Ψl,Ψh)
T
α through a unitary transformation(
Ψo
K
Ψo
N
)
α
= Uα
(
Ψl
Ψh
)
α
where Uα =
(
A G
F H
)
α
, α = L,R. (2.2)
The submatrices A and F describe the overlap of the light eigenstates with the known
and the new states respectively, and the unitarity of Uα implies A†A + F †F = AA† +
GG† = I. Note that there is no extra index to label the electric charge, nevertheless Ψoα
and Ψα will be treated as vectors corresponding to a definite value of qem. In terms
of the fermion mass eigenstates, the neutral current corresponding to a (broken)
generator Q = T3, Q1 now reads
JµQ =
∑
α=L,R
Ψ¯αγ
µU †αQαUαΨα, (2.3)
where Qα represents a generic diagonal matrix of the charges qα = t3(fα), q1(fα) for the
chiral fermion fα. Since we are interested in the indirect effects of fermion mixings
in the couplings of the light mass eigenstates, we have to project JµQ onto the light
components Ψl. In the particularly simple case when the mixing is with only one
type of new fermions with the same qNα charges, by means of the unitarity relations
for Uα we easily obtain 6
JµlQ =
∑
α=L,R
Ψ¯lαγ
µ
[
qKαI + (q
N
α − qKα)F †αFα
]
Ψlα. (2.4)
In Eq. (2.4) qKαI represents the coupling of a particular light fermion in the ab-
sence of mixing effects, while the second term accounts for the modifications due to
fermion mixings. The matrix F †αFα is in general not diagonal, and clearly whenever
the coefficient (qNα − qKα) is nonvanishing, the off diagonal terms will induce FCNC,
while the diagonal terms will affect the flavor-conserving couplings. It is useful to
parametrize the FC mixing between the light particles i and j as
F ijα =
(
F †αFα
)
ij
, i 6= j, α = L,R. (2.5)
From a phenomenological point of view we can now distinguish two cases. If the
known states are mixed with new particles whose L and/or R components transform
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in a noncanonical way under SU(2)L (and hence will be referred to as exotic) weak–
isospin is violated: t3(fNα ) 6= t3(fKα ). Then the J0 current is affected and the Z0
interactions will be FC. If the mixing is with new states which obey the same
transformation properties than the known fermions (i.e. L-handed doublets and R-
handed singlets, that will be referred to as ordinary) then t3(fNα ) = t3(f
K
α ), and clearly
the J0 current is not affected and in particular it remains flavor-diagonal. However,
in general we still have q1(fNα ) 6= q1(fKα ). Then the isospin-conserving mixings can
indeed affect the J1 current, inducing sizeable FC couplings to the Z1.
Now, to give an example of the possible form of the fermion mass matrices
and to discuss the expected magnitude of the mixings between the known and the
new fermions, let us introduce for each fermion family a vector gauge singlet of new
fermions (Xo
EL, X
o
OR)i (E = exotic, O = ordinary, i = 1, 2, 3) with the same electric
and color charges than the known fermions (fo
OL, f
o
OR)i. Then in the gauge eigenstate
basis the mass term reads
Lmass = (f¯oO, X¯oE)LM
(
fo
O
Xo
O
)
R
, M =
(
D D′
S′ S
)
, (2.6)
where e.g. fo = (fo1 , f
o
2 , f
o
3 )
T etc.. The entries D and D′ in the non diagonal mass
matrix M, are 3 × 3 matrices generated by vacuum expectation values (vevs) of
doublets multiplied by Yukawa couplings, while S and S′ are generated by vevs of
singlets. As a general rule, while the mass terms which couple ordinary L-fermions
to ordinary R-fermions (or exotic L-fermions to exotic R-fermions) arise from vevs
of Higgs doublets, the entries which couple ordinary fermions to the exotic ones are
generated by vevs of singlets. Higgs singlets are responsible for the large masses of
the new heavy fermions in vector multiplets and, in most cases, also contribute to
the mass of the new heavy gauge boson; hence it is natural to assume S, S′ ≫ D,D′.
In the presence of such a hierarchy among the entries in M it is easy to see 8 that
for the matrix Uα in Eq. (2.2) describing the ordinary–exotic mixings between L-
states it is natural to expect that the submatrices F and G would acquire an overall
suppression factor ∼ S/D ≪ 1 of the order of the ratio of the light to heavy mass
scale. In contrast such a suppression is not present for the ordinary-ordinary F and
G mixing terms for the R-states 8. Now, since it is precisely F †F in Eq. (2.4) which
affects the flavor diagonal couplings and also induces FCNC, if the mass scale for
the exotic fermions is large enough, the suppression of the ordinary–exotic mixings
explains in a natural way the non–observations of these effects in the Z0 interactions.
On the other hand, for the ordinary–ordinary mixings there is no reason to expect
the elements of F †F to be particularly small 8 , and accordingly FC processes can be
expected to occur at a sizeable rate in Z1 interactions. Then, in the cases in which
the FC couplings to the Z1 are not suppressed, the limits on FC processes point
toward a rather heavy Z1 8,9.
As can be seen from Table 2, for t3(fNα ) 6= t3(fKα ) very stringent constraints
can be derived for F ijL,R, (i 6= j) which strongly limits the mixing of ordinary and
exotic fermions. However, it is possible to evade these bounds by considering the
fine-tuned cases in which the mixing matrices F †αFα are diagonal. These correspond
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to those directions in parameter space in which each known ordinary fermion mixes
with its own exotic fermion. If the strong assumption F ijL,R = 0 for i 6= j is made, one
can write (
F †αFα
)
ij
=
(
siα
)2
δij α = L,R, (2.7)
in which
(
siα
)2 ≡ sin2 θiα, where θiL(R) is the mixing angle of the ith L-handed (R-
handed) light fermion. In this case the ordinary-exotic mixing is parametrized by
one angle per each L- or R-handed charged fermion. The same angles enter also
the expression for the CC measurables. We refer to Refs. [4,5] for the extension
of the formalism to the CC sector. Even if the limits on FCNC processes are not
effective to constrain these particular fine-tuned mixings, still all the
(
siα
)2
can be
constrained by looking at the high precision data involving CC and flavor-diagonal
NC. The corresponding limits are given in Table 3.
The formalism for the neutral sector is more complicated, both due to the
possibility of Dirac and Majorana masses, and because there is no empirical evidence
requiring the absence of FCNC between neutrino species. However, due to the fact
that neutrinos are unobserved in experiments, it is possible to parametrize their
mixing by one effective angle for neutrino flavor 4, with the addition of an auxiliary
effective parameter Λ that takes into account the type of new neutrinos involved
in the mixing. If the mixing is purely with new ordinary, exotic singlet or exotic
doublet neutrinos, we have respectively Λ =0,2,4. Again we refer to Refs. [4,5] for
a detailed discussion of the mixings in the neutral sector.
3. Results
3.1. Limits on flavor changing ordinary-exotic fermion mixing
The limits on the FCNC parameters F ij Eq. (2.5) which can be obtained assuming
a mixing with new exotic fermions are listed in Table 2. The bounds on lepton
flavor violating (LFV) NC from the leptonic decays µ 6→ 3e, τ 6→ 3e, 3µ are taken or
adapted from Ref.[ 8]. The bound on Fµe from the non-observation of µ–e conversion
in nuclei is taken from Ref.[ 9]. The limits on |Fτe| and |Fτµ| from Z0 6→ τe, τµ are
new, and have been derived from the experimental results given in the first paper
in Ref. [10]. It is interesting to note that in all cases the best bounds are obtained
from processes different from leptonic decays. The limits on hadronic FCNC have
been presented in Ref. [11] and were taken, updated or adapted from Ref. [12].
There is no bound on |Fbd| from B0d-B0d mixing because this mixing can in principle
be explained by a non-zero Fbd 12.
3.2. Limits on flavor diagonal ordinary-exotic fermion mixing
The limits on the flavor diagonal NC parameters
(
siL,R
)2
Eq. (2.7) are listed in
Table 3, which is taken from Ref. 5. They correspond to those fine-tuned direction
in parameter space for which the constraints from FCNC processes are evaded.
The results of two different fits are shown. In the ‘individual fit’ only one mixing
angle at a time is allowed to be non-zero, while in the ‘joint fit’ all mixing angles
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Table 2: Limits on the FCNC parameters F ij for ordinary-exotic fermion mixing. The
bounds on leptonic FCNC from leptonic decays are taken or adapted from Ref.[ 8], the
one from µN 6→ eN is taken from Ref.[ 9], and those from Z0 6→ τe, τµ are new. The
limits on hadronic FCNC have been presented in Ref. [11] and were taken, updated or
adapted from Ref. [12]. The experimental reference is given in the ‘Source’ column.
Quantity Upper Limit Source
|Fµe| 2.4× 10−6 µ 6→ 3e [3]
1.0× 10−5 µN 6→ eN [13]
|Fτe| 1.4× 10−2 τ 6→ 3e [3]
8.0× 10−3 Z0 6→ τe [10]
|Fτµ| 1.1× 10−2 τ 6→ 3µ [3]
9.5× 10−3 Z0 6→ τµ [10]
|Fds| 6× 10−4 ∆mKLKS [3]
1× 10−5 KL → µ+µ− [3]
|Fcu| 1× 10−3 D0-D0 mixing [3]
|Fbd|, |Fbs| 2× 10−3 B 6→ ℓ+ℓ−X [14]
are simultaneously present. In the ‘Source’ column in Table 3 are listed those
observables which are most important for constraining the mixing angles in the
individual fits. The Γ’s denote partial widths of the Z0, the A’s are asymmetries, νe
and νq refer to low energy NC scattering experiments, eq refers to measurements of
parity violation in atoms, gℓ (ℓ = e,µ,τ) are derived from lepton universality in CC
processes, V 2ui refers to the unitarity of the CKM matrix, while s
LEP
eff and s
NC
eff refer to
the weak mixing angle as extracted in NC measurements at the Z0 peak and at low
energy, respectively. In the joint fit it is possible to evade the bounds from these
observables through fine-tuned cancellations between different mixings, so that the
constraints in the joint fit are somewhat weaker than those in the individual fit. In
this case other observables, which depend on different combinations of the mixings
and which are denoted by a * in Table 3, become important. It should be stressed
that the data used to obtain these constraints are already a bit out of date. For
example, only the 1990 LEP data was used. The inclusion of the 1991-92 LEP data
would surely strengthen most of the bounds somewhat. The most important new
development is in τ-decays. The value of (gτ/ge)2 that was used in Ref. [5] was about
1.5 standard deviations away from its SM value, pointing towards a non-zero mixing
for ντ . In the present analysis the new values for the tau mass mτ = 1776.9±0.5MeV 15,
for the τ lifetime Tτ = 295.7 ± 3.2 fs 16, and for the τ leptonic branching fractions 17
B(τ → eν¯ν) = (17.75 ± 0.15)% and B(τ → µν¯ν) = (17.39 ± 0.15)% have been used. As a
result any hint for a non-zero mixing of the τ neutrino has disappeared, while the
limits on (sντL )
2 have been improved up to a factor of 3.
3.3. Limits on a Z1 from E6 from ordinary-ordinary fermion mixing
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Table 3: 90% C.L. upper limits on the ordinary-exotic flavor diagonal mixing angles for individual
fits (one angle at a time is allowed to vary) and joint fits (all angles allowed to vary simultaneously) 5.
Observables which are most important for the constraints are shown in the ‘Source’ column. The
different values of the parameter Λ correspond to mixings with different kinds of new neutrinos, as
explained in the text. For the limits on (sντL )
2
the most recent results on the τ mass 15, lifetime 16
and branching ratios 17 have been used.
Individual Joint Source
Λ = 2 Λ = 0 Λ = 4
(seL)
2 0.0047 0.015 0.0090 0.015 Γe,M∗W , A
FB∗
µ , eq
∗, g∗e
(seR)
2 0.0062 0.010 0.0082 0.010 Γe, AFBe , A
FB∗
µ , νe
∗
(sµL)
2 0.0017 0.0094 0.0090 0.011 V 2ui, νq, gµ,Γµ, s
LEP∗
eff
(sµR)
2 0.0086 0.014 0.014 0.013 Γµ, AFBµ
(sτL)
2 0.011 0.017 0.015 0.017 Γτ , AFBτ , gτ , A
pol∗
τ
(sτR)
2 0.011 0.012 0.014 0.012 Γτ , Apolτ , A
FB
τ , g
∗
τ
(suL)
2 0.0045 0.019 0.015 0.019 V 2ui,Γh,ΓZ , eq, νq
(suR)
2 0.018 0.024 0.025 0.024 νq,Γh,ΓZ , eq(
sdL
)2
0.0046 0.019 0.016 0.019 V 2ui,Γh,ΓZ , νq(
sdR
)2
0.020 0.030 0.028 0.029 eq,Γh,ΓZ , νq
(ssL)
2 0.011 0.038 0.039 0.041 Γh,ΓZ , V 2ui
(ssR)
2 0.36 0.67 0.63 0.74 Γh,ΓZ
(scL)
2 0.013 0.040 0.042 0.042 Γh,ΓZ ,Γ∗c , A
γZ∗
c
(scR)
2 0.029 0.097 0.10 0.099 Γh,ΓZ , AγZ∗c ,Γ
∗
c , A
FB∗
c(
sbL
)2
0.011 0.070 0.072 0.069 Γh,ΓZ ,Γb, AFB∗b(
sbR
)2
0.33 0.39 0.40 0.39 Γb,ΓZ ,Γh, A
γZ
b , A
FB∗
b
(sνeL )
2 0.0097 0.015 0.016 0.014 sLEPeff , ge, s
NC
eff ,M
∗
W(
s
νµ
L
)2
0.0019 0.015 0.0087 0.011 V 2ui, gµ, νq, s
LEP
eff ,M
∗
W
(sντL )
2 0.023 0.033 0.034 0.026 ΓZ , gτ
E6 GUTs are well known examples of theories where additional fermions and new
neutral gauge bosons are simultaneously present. For a general breaking of E6
(rank 6) to the SM (rank 4) it is possible to define a whole class of Z1 bosons
corresponding to a linear combination of the two additional Cartan generators. I
will parametrize this combination in terms of an angle β. Fermions are assigned
to the fundamental 27 representation of the group which contains 12 additional
states for each generation, among which we have a vector doublet of new leptons
(NE−)TL, (E
+N c)TL. Non-diagonal mass terms with the standard (νe
−)TL and e
c
L leptons
will give rise respectively to ordinary-ordinary and ordinary-exotic mixings, and in
particular will induce LFV L and R chiral couplings between the first and second
7
Figure 1: Limits on the Z1 LFV parameter MZ1 · (FeµL )−1/2 from the limits on the µ-e
conversion process 13, for a general E6 gauge boson, as a function of sinβ. The mixing
term FeµL is in units of 10−2, vertical units are TeV. Limits on the Z1 mass for different
values of FeµL can be easily read off the figure by properly rescaling the vertical units.
generation, allowing for LFV processes as µ→ eee 8 and µ-e conversion in nuclei 9, for
which very stringent experimental limits exist 13,18. Due to the expected suppression
of the ordinary-exotic mixings, I have conservatively neglected the LFV couplings
in the R sector, and assumed that the only source of LFV interaction comes from
the ordinary-ordinary mixing in the L sector 8. Since in this case the exchange of
the Z0 does not contribute to the µ-e transition, the relevant parameter is actually
FeµL /M2Z1. Relying on an analogy with the CKM mixings, which also conserve weak-
isospin and are all > 10−3 and noting that the mixing between the first and second
generation is particularly large, I have assumed a ‘natural’ range 10−2–10−3 for the
LFV term FeµL . The corresponding limits on the Z1 mass obtained from the limit 13
B(µN → eN) < 4×10−12 are depicted in Fig. 1 which is taken from Ref. [9]. The limits
are given as a function of the parameter β that defines the particular E6 boson, and
are more stringent than the corresponding limits implyed by µ 6→ eee 8. It is apparent
that these limits are indeed very strong, however, since they depend on a specific
assumption for the numerical value of the LFV coupling, they clearly cannot replace
the direct 19 bounds or other more model independent indirect limits 6,7.
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